The sponge iron or Direct Reduced Iron (DRI) is an important feedstock in the Electric Arc Furnace (EAF). The main sources of iron units for the EAF can be steel scrap, DRI, hot metal and combinations of these materials. The EAF has become a melting reactor and its melting rate plays a key role in furnace productivity. In this work, the melting rate of porous metallic particles is analyzed employing CFD tools, having the computational domain of an industrial size EAF. The molten pool is comprised of two liquid phases, steel and slag. In order to compute the melting rate as a function of particle size and arc length, three sub-models were developed, one computes the instantaneous power delivery as a function of arc voltage and arc length, the second one computes the velocity and temperature fields and finally the third sub-model computes the melting rate. Comparisons of melting rates when the particles are immersed in its own melt and the case where immersion is carried out in the steel/slag system is included in the analysis. A contribution from this work is a more realistic approach to compute the convective heat transfer coefficient using the estimated values of the velocity fields.
Introduction
The Electric Arc Furnace (EAF) was originally designed as a scrap-melting reactor, however, Direct Reduced Iron (DRI) has also become an important feedstock. In México, the EAF is the main steelmaking reactor, with approximately 72.4% of the steel produced by this process 1) and a larger share of DRI as feedstock in comparison with steel scrap. The melting rate of DRI controls the tap-to-tap time, therefore, an understanding of the melting process of DRI particles is of great interest.
Transport mechanisms involving heat, mass and momentum transfer control the melting and dissolution phenomena of scrap, DRI or ferroalloys in metallurgical reactors. The melting rate depends on the physicochemical properties, size and temperature of the addition, temperature of liquid steel, stirring conditions and slag properties. A review on the melting phenomena of metallic additions is briefly presented in the following paragraphs in order to describe those findings related to the melting process of DRI.
Guthrie et al., [2] [3] [4] [5] Nauman, 6) Sadrnezhaad 7) and O'Malley 8) reported pioneer works on the melting process of ferroalloys and DRI particles. The formation of a frozen shell around the addition immediately after immersion into liquid steel plays a key role in the total melting time. If the liquidus temperature of the addition is lower than that of liquid steel, heat transfer controls the melting rate, however, if the liquidus temperature is higher than that of liquid steel, then mass transfer controls the melting rate in order to achieve a chemical composition corresponding to alloys of low melting point at the solid/liquid interphase. Argyropoulos [3] [4] [5] developed a technique to measure weight changes using a load cell. Sudden changes in melting rate were attributed to the exothermic heat of reaction. It was subsequently reported 9) that the exothermic heat of mixing increased fluid flow and mass transfer. Nauman 6) reported the melting rate of pellets in slags indicating that the density of the pellets and the heat transfer coefficient of the frozen shell were the most critical variables during the melting process. He concluded that pellets of smaller size and higher density could melt faster. DRI can be considered as an addition of low melting point, therefore its melting rate is controlled by the melting rate of the steel shell. The heat transfer coefficient of the frozen shell depends on the fluid velocity and properties of the fluid. Sadrnezhaad 7) reported that DRI pellets evolve CO gas during the heating process and this gas contributes to decrease the thickness of the frozen shell, however in spite of the larger gas evolution of low metallized DRI particles, DRI pellets of higher metallization melt faster due to faster heating rates. It has also been reported that the dissolution rate of solid iron in carbon-saturated liquid iron is increased with the evolution of CO. 10) Similar findings have also been reported by Barati et al. 11, 12) who investigated the (FeO-C) DRI reaction during the DRI heating process. Scrap is, globally, the main feedstock in the EAF. Due to the large variations in size and geometry, scrap melting is usually treated as a pseudo-porous medium. It has been reported that scrap shape has a minor influence on the melting rate. 13) Spherical particles and cylinders have been used to represent scrap pieces. 14, 15) In a conventional EAF, scrap is charged in batches. Only a fraction of this scrap is in contact with the remaining hot heel composed of both liquid steel and slag. In scrap melting, radiation is of primary importance. Stankevich et al. 16) describes in detail the role of radiation heat transfer in the scrap melting process. On the other hand, DRI is typically charged continuously, with the particles descending by gravity into the molten pool. The melting process is controlled by convection and conduction heat transfer.
Arzpeyma et al. 17) developed a 3D mathematical model to describe the last minutes of the melting process of cylindrical pieces of scrap with two different stirring conditions in an industrial size EAF. In their work, the top slag layer was treated like a refractory wall. It was reported that electromagnetic stirring produced velocities 20 times larger in comparison with natural convection. As the stirring conditions in the molten metal increased it also increased the melting rate. Similar findings had been reported previously. 18, 19) Wu and Lacroix 18) developed 1D and 2D heat transfer models indicating that increasing the liquid metal convective heat transfer coefficient enhances the melting rate. Wright 19) obtained an increase in the mass transfer coefficient by increasing the stirring conditions. Pandelaers 20) reported that at high values of the heat transfer coefficient and large size of the addition, the duration of the steel shell period decreases and flattens out.
Guthrie et al. 21) analyzed immersion depth and immersion time of light additions as a function of falling distance in a water model. They found that immersion depth and immersion time depend on the density ratio between addition and liquid steel. For light additions, like aluminum, immersion time is less than 1 second even if the falling distance is extremely large.
By dimensionless analysis, Singh et al. 22) collected several process variables like bath stirring and bath temperature into one single term in the analysis of the melting process. This type of analysis is convenient to cover a wider range in each one of the variables investigated. Another type of analysis employed to investigate melting phenomena is ice melting. For individual particles, it has been reported 23) that an increase in superheat and velocity of the liquid decreases its melting time.
The melting and dissolution rate of scrap in the BOF is influenced by the carbon content in liquid steel, 24) specially when the scrap melting temperature is above the temperature of liquid steel. Gaye et al. 25) suggested a maximum scrap size of 120 mm in the converter to avoid unmelted scrap at the end of the blow and Shukla et al. 26) reported that with increasing the scrap/hot metal ratio the melting time increases.
DRI is a highly heterogeneous material with large changes in particle size, porosity, metallization, gangue content, etc. In a typical DRI produced in Mexico, the particle size ranges from 6-13 mm, a metallization from 92-94%, carbon content from 2-2.5%, basic gangue from 4-4.5% and acid gangue from 1.5-2%. The DRI melting rate can be increased by increasing the active power and by increasing DRI quality. Quality refers to high metallization and gangue content as low as possible. The electrical energy consumption can drastically change from 590-700 kwh/ton, depending on DRI quality. The melting rate of DRI is controlled by its feeding rate. If DRI of low metallization is charged into the EAF and the feeding rate is increased, the temperature of liquid steel sharply decreases and then in order to adjust the temperature of the molten bath the feeding rate should be adjusted to lower feeding rates, for example, from 5 000 to 3 000 kg/min. On the other hand, when DRI of high metallization is charged into the EAF it is possible to increase its feeding rate without a decrease in the temperature of molten steel.
Previous investigations [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] have concluded that the melting time of spherical particles is decreased by increasing the temperature of the particles, increasing the temperature of the molten bath (superheat), decreasing the particle size, increasing the stirring conditions and by increasing the metallization of DRI. The authors previously reported 38) that in order to maximize superheat, the optimum injection position for DRI feeding is in the center of the delta in the EAF. In this region it reaches the highest superheat in the entire furnace.
The melting rate of metallic particles in a 3D system for industrial conditions in the EAF has not been investigated in detail in the past and consequently, the effect of velocity fields on the convective heat transfer coefficient is still poorly described. Contrary to steel scrap, DRI is a porous material with a heterogeneous chemical composition. It reacts during the heating process. A fully realistic model describing DRI melting rate in the EAF doesn't exist today. The authors have previously reported 38) the melting rate of porous metallic particles in its own melt. The melting times were validated with experimental data reported by Ehrich.
34)
As a forward step, the melting process in a real slag/steel system is now included. This small step will provide information to compare the large difference in melting times when the frozen shell is made of slag. The effect of velocity fields on the convective heat transfer coefficient and the melting rate of metallic particles immersed in liquid slag is a new contribution from this work.
Mathematical Model
Modeling the melting process of metallic particles in an industrial Electric Arc furnace (EAF) requires three components: (i) Electric power input, (ii) Velocity profiles of liquid steel and liquid slag due to natural convection in a 3D system and (iii) Melting model of DRI particles, assuming heat transfer control, i.e. computing melting but not considering dissolution.
Arc Model: The instantaneous electric power generated by AC current and delivered to the EAF by three electrodes was computed using the Channel Arc Model (CAM) modified by Larsen et al. 39) This model is described in detail by Sanchez et al. 40) In summary, the basis of this model is that an electric arc with Alternate Current (AC) will tend to achieve the equilibrium or steady state conditions from © 2015 ISIJ Direct Current (DC). This model reports the instantaneous electric power for a balanced three-phase AC-EAF.
The heat supplied for a given set of electrical parameters, such as arc voltage and arc length, is employed as a boundary condition for the melting process of metallic particles and also to keep a constant electric energy input.
Fluid flow model: This model is employed to compute the velocity and temperature profiles of the liquids due to natural convection.
Model assumptions: (i) The system is composed by two condensed phases, steel and slag with constant thermophysical properties, (ii) Non-steady state conditions, (iii) Incoming radiation to the bath is neglected, (iv) The slag surface is flat, (v) Heating is the only driving force for the motion of the two fluids.
The governing equations correspond to the conservation of mass, turbulent momentum and energy. The system of equations was solved using the Computational Fluidynamics Code PHOENICS IPSA is an Eulerian-Eulerian two phase fluid flow algorithm. It solves mass, energy and momentum conservation equations for each phase. It is basically used for two-phase flows where one phase is dispersed and interpenetrated in a continuous phase. HOL when it is applicable, needs no anti dispersion device. In this technique a single volume conservation equation is solved and the density fields are computed. The only restriction of this method is that the flow considered should exhibit no "overturning" of the interphase, i.e. there must be a direction, designated "up direction" along which only one intersection of the free surface exists. Finally, SEM is also a method solving a single volume conservation equation as in the case of HOL, and basically SEM is equivalent to the popular VOF algorithm (Volume of Fluid) where a two phase fluid flow problem has a sharp interphase, i.e., it is used for free surface problems. Numerical diffusion was evaluated with the three previous methods, in transient state during the same period of time.
Results with HOL didn't converge and IPSA yield high numerical diffusion. SEM reported the lowest numerical diffusion at the slag/steel interphase with realistic velocity and temperature profiles and consequently, it was chosen to simulate the steel/slag system. SEM employs a scalar variable, Φ, to represent the volume fraction of each phase in a cell within the control volume. If Φ = 0, the control volume corresponds to phase 1, on the contrary if Φ = 1, the control volume corresponds to phase 2. Density and viscosity for a system with two phases are computed as follows: Where: k represents the thermal conductivity, Cp is the heat capacity, u is the velocity and T represents the temperature, S is the source term, which is zero due to the lack of chemical reactions, viscous dissipation at the walls and Joule effect.
The thermal conductivity and heat capacity for each phase are computed in a similar way as that described by Eqs. (1) and (2) .
Boundary conditions: The computational domain is indicated in Fig. 1 . The computational domain represents the crucible walls of an industrial size electric arc furnace of 220 tonnes of nominal capacity.
The crucible walls have been divided into five zones; east, west, south, north and top. At the walls a non-slip condition is applied. For the nearest nodes to the walls, wall functions are applied, employed to compute velocities from the turbulent core of the system to the laminar regime close to the walls. The temperature at the walls, except at the top, is fixed at 1 773 K. Where: λ represents the emissivity of the slag, taken as 0.8, kB is the Stefan-Boltzmann constant and TS represents the temperature at each node on the slag surface.
Also, at this top free surface, the electric power input was computed with the Channel Arc Model. The heat input in MW/m 2 as a function of arc length is shown in Table 1 , 40) . The equivalent heat input in MW for arc lengths of 25 and 45 cm is 90 and 120, respectively. Melting model of metallic particles: DRI is a highly heterogeneous material in both chemical composition and particle size. As a first approximation, DRI is assumed to be a porous material whose thermo-physical properties are those for DRI but chemically exclude the presence of iron oxides and carbon, in order to avoid chemical reactions during the heating and melting processes. In addition to this assumption, the melting model also considers: (i) Spherical and uniform particle size distribution, (ii) Constant thermo-physical properties, (iii) No interaction among particles, (iv) Particle addition in a bath with thermal and fluid flow conditions in transient state.
Particle velocity:
The melting model computes the trajectory of the particles obtained from the Newton's second law of motion and also computes the heating and melting rate of the metallic particles by including a heat transfer coefficient between the melt and the particle. PHOENICS includes a method to solve the system of equations describing the motion of particles, called GENTRA (GENeral TRAcker). The Newton's second law of motion is solved to compute the trajectory of the particles under all forces acting on them by using a Lagrangian frame of reference. The continuous phase corresponds to both liquid steel and liquid slag, and the dispersed phase is represented by the solid particles. The fluid exchanges momentum and heat with the particles. Momentum transfer between fluid and particles include the drag from the fluid to the solid particles, as well as buoyancy, gravitational, and turbulence forces that influences particle trajectories under a Eulerian frame of reference.
The particle velocity is computed with the momentum conservation equation, as follows: 41) ........ (8) Where: mp is the mass of the particle, Rp represents the radius of the particle, ρp and ρl represent the density of the particle and continuous phase, respectively, CD is the drag coefficient, U is the instantaneous velocity of the continuous phase, Up is the particle velocity, CA is a coefficient of added mass with a value of 0.5.
The model takes into consideration the effect of turbulence of the fluid on the trajectory of the particles. A turbulent fluid creates an erratic path of particles. The instantaneous velocity of the continuous phase is related with the continuous phase average velocity (UC) and the fluctuating velocity due to turbulence ( ). The following general expression remarks the role of turbulence on the trajectory of the particles: The average velocity is obtained with the fluid flow model using a Eulerian frame of reference.
The drag coefficient, CD, is given by Clift et al. relationship, 42) valid for spherical particles and Re < 2 × 10 5 :
.
... (10)
Melting rate: An energy balance during the melting process of one particle can be expressed by the sum of the heat involved by solidification/melting of the solid particle and heat input by convection from the fluid equals the heat accumulated. 41) ............. (11) Where: L is the latent heat of solidification, fs represent the solid fraction in the particle, α is the heat transfer coefficient fluid-particle, Tg is the fluid's temperature, Tp is the temperature of the particle, represents the heat capacity for the particle.
The solid fraction and heat transfer coefficient can be computed as follows: 41) ... Where: Ts represents the particle's solidus temperature, TL is the particle's liquidus temperature and m a solidification Re . Re . . R e . .
index, k is the thermal conductivity of the continuous phase, dp is the diameter of the particle and Nu is the Nusselt number. The solid fraction, fs, is computed from Eq. (12) and then dfs/dt is obtained to compute Tp from Eq. (11) . The rate of change in the solid fraction (dfs/dt) is reported as equivalent to the rate of change in radius of the particle.
The thermo-physical properties of metallic particles employed in the simulations are shown in Table 2 .
GENTRA is able to compute the frozen shell with two minor limitations: (i) The melting rate during the frozen shell period is not described instantaneously and (ii) The frozen shell is not reported if the density of the particle is the same as the density of the molten bath. In practice, the thickness of the frozen shell increases until it reaches a maximum value and then decreases until it is completely melted. Due to the first limitation, the current simulations only show the maximum shell thickness. It is even more critical in terms of visualization of the frozen shell formation when an addition is immersed in its own melt because it is not possible to know the maximum shell thickness. These limitations certainly impede to follow the instantaneous behavior of the frozen shell, however if the main interest is the total melting time, then the current approach is perfectly valid.
The formation of the frozen shell results from an energy balance. The heat absorbed by the cold particle is transferred by convection from the molten bath to the particle, through the frozen shell into the particle. Where: Qcond represents the heat by conduction, Qconv is the heat by convection (both computed at the particle -bath interface) and ∆Hm is the heat during solidification/melting of the particle. The particle will grow when the heat by convection is lower than by conduction.
In the past, most researchers have employed analytical solutions and simple finite difference computations to solve the previous equation. Table 3 summarizes those investigations and the way they computed the frozen shell formation. All of them have been able to describe the instantaneous formation of the frozen shell. In their computations, the heat by convection (Qconv) depends on the convective heat transfer coefficient, which in turns depends on the knowledge of the velocity of the liquids. Previous researchers 28, 29, 32, [34] [35] [36] [37] have applied different approaches in the estimation of the heat transfer coefficients by assuming and simplifying the bath velocity fields. One contribution from this work is a more realistic computation of the local convective heat transfer coefficient in the entire computational domain based on detailed velocity patterns.
Results and Analysis
The computational domain is composed of 79 971 nodes. The region for liquid steel covers 15 nodes in the vertical direction, equivalent to 94 cm, and that for liquid slag covers 4 nodes, equivalent to 35 cm. The computation time was limited to 60 seconds with time steps of 1 second. The space and time discretization were obtained after a sensitivity study of the grid, which takes into account a balance between the accuracy of the results and the time of computation.
The variables investigated in the simulations on DRI melting rate were the original particle size, arc length and the presence of the top slag layer above liquid steel. The standard case for the simulations is indicated in Table 4 .
Velocity and Temperature Fields
Flow motion creates two recirculation loops around the furnace central axis. Liquid steel is pushed upwards due to buoyancy forces and turns in the direction of the walls. The authors have reported previously 43) a more detailed analysis of fluid flow in both liquid steel and liquid slag.
The maximum velocity increases by increasing arc length, as shown in Table 5 , from 1.28 cm/s for a short arc operation (25 cm) to 2.20 cm/s for a long arc operation (45 cm). This result is much lower in comparison with previous investigations, however it also represents the first contribu- Table 2 . Thermo-physical 12) properties of DRI particles.
Density, kg/m tion defining the velocity fields in the entire furnace as function of arc length. In previous investigations the velocity has been assumed to be uniform in the entire computational domain with a unique heat transfer coefficient. A value of 10 cm/s was estimated by Zhang 29) and Ehrich et al.
34)
Taniguchi et al. 37) employed values from 18-26 cm/s due to the use of argon stirring in their experiments. The low stirring conditions prevailing in a conventional EAF confirm the low velocities reported in this work. One of the benefits of improving mixing conditions as the arc length increases is observed in Figs. 2 and 3 , which shows better thermal homogenization of the molten bath as arc length increases. This result is important in the operation of the EAF because by increasing arc length it is possible to improve the poor stirring conditions in the furnace.
The velocity fields are expected to increase if the contributions to the stirring conditions due to generation of CO, oxygen injection and bottom gas injection are included, however, the effect of oxygen injection is only in a small region and bottom gas injection in the EAF is still not a common practice. On the other hand, the evolution of CO is due to two reactions, decarburization of liquid steel and reaction between FeO and C in DRI during the heating process. Sadrnezhaad 7) analyzed the effect of the evolution of CO on the melting rate of DRI particles. The evolution of CO increases due to a decrease in the metallization of DRI, increasing its melting rate, however as metallization decreases the overall melting rate also decreases. The previous conflicting effects, motivated to ignore in the present work any additional contribution on the stirring conditions due to generation of CO.
Melting Rate
Model validation: The predictions of the melting model were compared with the conditions reported by Jiao and Themelis. 35) These authors reported the melting rate of slag particles in its own bath as a function of bath temperature and particle size. This computation was chosen to validate our model since their predictions fit very well against experimental data 37, 44) and in addition to this, because this work employs a slag bath, while the majority of research work focuses on metallic baths. One of the main interests of our study is to monitor the radical change in melting kinetics when DRI is immersed into slag in comparison with immersion into liquid steel. In fact, it is very important to check if the melting time predicted by our model agrees with that by Jiao and Themelis, at least in the order of magnitude, even though their simulation is performed under the conditions, which are not exactly the same as ours. According to the report by Jiao and Themelis, they do not show some those temperatures found in melting of DRI in the electric furnace, applying such a condition was inevitable for the verification of the present model. Figure 4 shows the results for 1 523 K, at different particle sizes and Fig. 5 shows the melting rate for particles of 10 cm at different temperatures. The case used for validation corresponds to a solid particle with the same density as that for the bulk liquid. In this condition, Gentra does not report the frozen shell formation. It is observed that the melting time is very similar in both models and therefore based on this analysis we conclude the validity of the current mathematical model. Melting rate: PHOENICS is capable to set the correct particle mass flow rate but only is able to analyze the melting rate from 1 to 500 individual particles. The melting rate was analyzed as a function of the following variables: particle size, particle density, arc length and temperature of the molten bath. Figure 6 shows the trajectory of 20 particles for the standard case. It shows the random particle motion. In this case the particle density (1 770 kg/m 3 ) is lower than liquid slag (2 300 kg/m 3 ) and therefore the trajectory is confined to the upper phase. The computed values for the Nusselt numbers are in the range between 4 and 9.
The comparison in melting times when the particles are melted in liquid steel with and without a top slag layer is shown in Fig. 7 . This graph summarizes the results and puts in perspective the large influence of the slag layer on the melting process. There are two interesting features: (i) The thickness of the frozen shell is severely decreased when DRI becomes in contact with slag. This is due to the much lower thermal conductivity of liquid slag in comparison with that of liquid steel, 1.17 and 15 W/m·K, respectively. The growth of the frozen slag shell for an initial particle size of 12 mm was 12.5% in contrast to 42% when the frozen shell was made of steel, and (ii) Large increase in melting time when DRI is immersed in a steel-slag system in comparison with the case immersed in liquid steel. The melting time increases from 13 seconds to 102 seconds, almost 8 times larger melting times.
The previous results indicate that a frozen shell of low thermal conductivity will have a smaller thickness in comparison with that of higher thermal conductivity but at the same time the total melting time will be larger due to the low thermal conductivity.
The effect of particle size and type of frozen shell on the melting rate at 1 890 K is shown in Fig. 8 . It is shown that by increasing the particle size the melting time increases. When the metallic particles are melted in liquid slag, the melting time increases from 15 seconds for fine particles of 4 mm to 160 seconds for particles of 17 mm. These results would suggest the use of smaller particle size to decrease the melting time, however, the minimum size depends on practical aspects such as their capability to overcome the suction force during its descent into the melt, when DRI particles are injected continuously. A fraction of fines is lost to the fume extraction system. On the other hand, the energy consumed on the basis of 1 tonne of DRI should also be analyzed because as the particle size decreases, the volume of added mass incorporated in the total number of particles also increases, causing an increase in the energy requirements.
The effect of arc length on the melting behavior of DRI particles is shown in Fig. 9 . Arc length plays a key role in the melting process. As arc length increases it also increases the velocity fields and temperature of liquid steel, and finally the melting rate also increases, as shown in this figure. Another advantage of a long arc operation is that thermal stratification decreases. These results strongly suggest a long arc operation. In order to reduce thermal losses and damage to the refractory shell as arc length increases, an optimum slag foaming operation is required by adjusting the location of the injection system of carbon particles, its particle size and flow rate, among other things. The injection of carbon particles should be located in a position that maximizes their residence time.
Conclusion
A 3D mathematical model representing the melting rate of metallic particles of low density and high metallization in a molten bath comprising two phases, liquid steel and liquid slag, in an industrial Electric Arc Furnace, has been developed. The effects of the slag frozen shell on the melting rate has been investigated. As a result, this work reports the following conclusions:
• There is an increase of one order of magnitude in the melting time when the frozen shell is formed by a slag layer in comparison with a frozen shell of metallic iron, in spite of a smaller thickness of the slag shell. These results indicate a dominant role of the thermal conductivity of the frozen shell on DRI melting rate.
• The thickness of the slag shell is at least three times smaller than a steel shell, however its melting rate is much lower due to the smaller thermal conductivity of the slag.
• The current computations suggest that previous investigations have overestimated the assumed velocity of the fluid. In previous investigations values in the order of 10 cm/s have been employed in the computation of the convective heat transfer coefficient. The maximum values predicted in this work are in the order of 2 cm/s based on the multi-phase fluid flow model reported in this work.
• It has been confirmed that an increase in the temperature of liquid steel (in this case by increasing arc length) and a decrease in the particle size, increases the melting rate of DRI particles. Fig. 9 . Effect of arc length on DRI melting rate.
